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Spermatogonia are adult germline stem cells that can both self-renew and differentiate into spermatocytes. Little is known about factors
necessary for spermatogonial differentiation. We identified a novel germ-cell-specific transcription factor that we named Sohlh1 (spermatogenesis
and oogenesis specific basic helix-loop-helix (bHLH) transcription factor). In males, Sohlh1 is preferentially expressed in prespermatogonia and
Type A spermatogonia. Loss of Sohlh1 causes infertility by disrupting spermatogonial differentiation into spermatocytes. Seven-day-old testes
without Sohlh1 still express the testis-specific transcription factors Etv5, Taf4b, Zfp148, and Plzf, overexpress a novel Sohlh2 bHLH transcription
factor, but lack LIM homeobox gene Lhx8 and show reduced expression of Ngn3. Sohlh1 represents the first testis-specific bHLH transcription
factor that is essential for spermatogonial differentiation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Sohlh1; Transcription factor; Spermatogonia; Testes; Sohlh2; Germ cell; SpermatogenesisIntroduction
Spermatogenesis is a dynamic process that transforms
undifferentiated diploid stem cells (spermatogonia) into highly
differentiated haploid spermatozoa. Primordial germ cells in the
embryonic mouse male gonad give rise to prespermatogonia (de
Rooij and de Boer, 2003; Dettin et al., 2003). Prespermatogonia
proliferate until E15.5 when proliferation ceases and quiescent
period ensues until birth. Three days after birth, prespermato-
gonia proliferate into Type A spermatogonia. Approximately 10
days after birth, a subpopulation of spermatogonia begins to
differentiate and enter meiotic prophase I to form pachytene
spermatocytes. Following completion of meiosis I, secondary
spermatocytes undergo meiotic II division and produce haploid
spermatids, which in turn differentiate into spermatozoa.
Elucidation of spermatogonia-specific genetic pathways and
identification of key genes that regulate such pathways are
essential to understand spermatogenesis and fertility.⁎ Corresponding author. Fax: +1 713 798 2744.
E-mail address: rajkovic@bcm.tmc.edu (A. Rajkovic).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.02.027Both somatic- and germ-cell-specific factors are known to
play essential role in spermatogenesis. Ets variant gene 5 (Etv5),
also known as ERM, is exclusively expressed in Sertoli cells of
the testis (Chen et al., 2005). Sertoli cells provide stem cell niche
support, and lack of Etv5 disrupts spermatogonial stem cell
renewal. Several germ-cell-specific transcription factors are
known to affect different stages of spermatogenesis. Zfp148
encodes a Kruppel-type transcription factor, and haploinsuffi-
ciency causes early loss of fetal germ cells during mouse
embryogenesis (Takeuchi et al., 2003). Later in germ cell
development, Taf4b (Falender et al., 2005) and Plzf disrupt self-
renewal of spermatogonia (Buaas et al., 2004; Costoya et al.,
2004). Crem, a cyclic AMP response element modulator, is
important in later stages of spermatogenesis, and Crem
disruption blocks postmeiotic germ cell development (Nantel
et al., 1996). It is apparent that different stages of spermatogen-
esis require different testis-specific transcription factors, but no
testis-specific transcription factors are known that are critical in
spermatogonia differentiation.
Tissue-specific bHLH transcription factors play critical roles
in cell differentiation (Davis et al., 1987; Villares and Cabrera,
162 D. Ballow et al. / Developmental Biology 294 (2006) 161–1671987). Testis-specific bHLH transcription factors are likely to
play important functions in spermatogenesis. Tcfl5 is a recently
discovered testis-specific helix–loop–helix transcription factor
that binds calmegin gene promoter, but its in vivo function in
spermatogenesis is unknown (Siep et al., 2004). Here, we report
our discovery that germ-cell-specific bHLH factor Sohlh1 is
critical in spermatogenesis. Sohlh1 deficiency derails differen-
tiation of spermatogonia into spermatocytes and represents
another example of stage-specific transcriptional control.
Materials and methods
Targeting construct, genotyping, colony generation, and analysis
Sohlh1 genomic clones were isolated from a 129S6/SvEv genomic library,
and a targeting construct was generated (Supplementary Fig. 1). The Sohlh1
targeting construct was electroporated into AB2.2 ES cells to mutate the wild
type Sohlh1 locus by homologous recombination as previously described
(Matzuk et al., 1992; Zhang et al., 1994). The mutant Sohlh1 allele replaces
exons 2–8 with the Pgk1-HPRT cassette. We screened 192 ES clones by
Southern blot analysis and identified 19 ES (10%) cells that carry a targeted
mutant allele by Southern blot analysis. The Sohlh1+/− ES cells were injected
into blastocysts, and chimeras were generated from three independent ES cell
lines. The Sohlh1+/− mice generated from chimeras were bred to produce
homozygous null Sohlh1−/− mice, which were identified by Southern blot
analysis of tail DNA. Mice were genotyped by Southern blot analysis
(Supplementary Fig. 1) and multiplex PCR using primer set G1 (5′-GAG
TCT CTG GCA TTA CGG GAT-3′) and G2 (5′-CTG AGT CTC AGG CTG
AGG AG-3′) located in exons 1 and 2 respectively to amplify a 320-nucleotide
wild type band, and primer set HPRT-2 (5′-GCA GTG TTG GCT GTA TTT
TCC-3′) and G3 (5′-CTG GAG CCC AAG AAG ACA AG-3′) located in the
HPRT and intron 3 to yield a 220-nucleotide mutant band on 2.0% agarose gels.
Hot Start Taq polymerase (Qiagen) was activated at 95°C for 15 min and
multiplex PCR performed for 29 cycles at 95°C for 30 s, 50°C for 30 s and 72°C
for 30 s with a final extension at 72°C for 10 min.
All mouse experiments were carried out on C57BL/6/129S6/SvEv hybrid
background. Litters were weaned at 3 weeks, and breeding pairs set up at 6
weeks of age. One mating pair was placed per cage and inspected every morning
for presence of litters. For histological analysis, testes were dissected from their
capsule, immediately placed in 10% buffered formalin or Bouin fixative,
embedded in paraffin, serially sectioned (5 μm) and stained with hematoxylin
and eosin or with Periodic Acid Schiff (PAS).
Breeding, histology, immunohistochemistry, immunofluorescence,
TUNEL, and BrdU
For immunohistochemistry, we used antibodies against Sox9, GCNA1,
SOHLH1, SOHLH2 and PLZF proteins. GCNA1 rat monoclonal antibody
(Enders and May, 1994) was kindly provided by Dr. George C. Enders
(University of Kansas, KS). Polyclonal rabbit and guinea pig antibodies against
SOHLH2 and SOHLH2 were generated by expressing proteins in the pET-23b
vector and immunizing guinea pigs or rabbits at Cocalico (Lancaster, PA). The
anti-SOHLH1 antibodies were immunoaffinity purified over Affi-Gel 10 (Bio-
Rad, CA) and used in immunohistochemistry as previously described (Pangas et
al., 2002). Sox9 was generously provided by Dr. Colin Bishop (De Santa
Barbara et al., 1998), and anti-PLZF antibody (sc-858) was purchased from
Santa Cruz Biotechnology. Immunohistochemistry and immunofluorescence
were performed as previously described (Yan et al., 2002). Mitotic index in
Sohlh1−/− testes was calculated as previously described (Shetty et al., 2001).
Representative sections of wild type and Sohlh1−/− testes were scored for the
presence of spermatocytes in at least 60 tubules.
We studied apoptosis in Sohlh1 wild type and null testes by terminal
deoxynucleotidyl transferase nick end labeling (TUNEL) using the ApopTag
Peroxidase in situ apoptosis detection kit (Intergen, NY). Apoptotic index was
derived by determining the percentage of seminiferous tubule cross-sectionswith >3 TUNEL-positive germ cells (Seaman et al., 2003). One hundred cross-
sections were analyzed from 3 different wild type and Sohlh1−/− animals.
Significance (P < 0.05) was evaluated using parametric single factor analysis of
variance (ANOVA).
Mice aged 22 days and 49 days were weighed and injected with 100 mg
BrdU per kg of body weight (Sigma cat# 858811-500). Mice were sacrificed
1.5 h post-injection, the testes were removed and placed in Bouin's fixative. The
testes were then washed in 70% ethanol, processed, and embedded in paraffin.
Immunohistochemistry with anti-BrdU antibody (mouse monoclonal antibody
clone Bu20a, Dako Corp., Carpinteria, CA) identified cells that incorporated
BrdU.
RNA isolation and RT-PCR
Timed matings were set up to collect testes at various time points, and
total RNA was isolated using RNA STAT-60 as described by the manufacturer
(Leedo Medical Laboratories, Houston, TX) (Rajkovic et al., 2001). Five
micrograms of total RNA was initially treated with RNase-free DNase to
remove contaminating DNA and then used to synthesize first strand cDNA
using the Superscript system (Life Technologies, Rockville Maryland).
Oligonucleotides, corresponding to Lhx8, Ngn3, Sox30, Crabp1, Kit, Kitl,
Sohlh1, Mlh1, Actin and Sohlh2 were selected using Primer 3 software (http://
www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) to generate an
approximately 500-nucleotide fragment that is interrupted by an intron within
the mouse genome. The sequences of all these primers are presented in
Supplementary Table 1. Hot Start Taq polymerase (Qiagen) amplified cDNA
after activation at 95°C for 15 min followed by 95°C for 30 s, 55°C for 30 s,
72°C for 30 s for a total of 30 cycles, and a final extension at 72°C for
10 min. Mouse actin-specific primers were used to verify cDNA synthesis
from RNA isolated from each tissue. Polymerase chain reaction was carried
out as previously described (Rajkovic et al., 2001).
Microarray analysis
Seven-day-old testes were pooled from wild type and Sohlh1−/− animals
and total RNA isolated using RNeasy mini kit (Qiagen, CA). Two
independently pooled RNA samples from wild type and Sohlh1−/− testes
were used to generate biotinylated cRNA. Biotinylated cRNA was hybridized
to GeneChip Mouse Expression Set 430 (Affymetrix, Inc.). Since two
independent experiments were performed from two independent pools of
wild type and Sohlh1−/− RNA, signal intensities for particular genes were
averaged between the two chips and ratio of wild type over knockout signal
calculated. Raw data in the Affymetrix CEL files were normalized by the
RMA method (robust multi-array analysis) (Irizarry et al., 2003; Bolstad et
al., 2003). Then, the null hypothesis was tested that there is no significant
changes in gene expression between the treatment pairs. This was done by
LIMMA (Smyth et al., 2005) and the pooled local error (LPE) method (Jain
et al., 2003). The raw P values were adjusted by the Benjamini–Hochberg
method (Benjamini and Hochberg, 1995) for the false discovery rate.Results and discussion
Sohlh1 is preferentially expressed in spermatogonia
We used in silico subtraction to identify numerous germ-cell-
specific genes (Rajkovic et al., 2001). An in silico screen
identified a novel helix–loop–helix transcription factor that we
named Sohlh1 for spermatogenesis and oogenesis specific basic
helix loop helix transcription factor 1 (NM_001001714).
Sohlh1 is located on mouse chromosome 2, and its human
orthologue is located on chromosome 9q34.3. Sohlh1 encodes a
357 amino acid protein that contains a bHLH domain. Sohlh1
RNA in males is preferentially detected in testes as shown by
multi-tissue RT-PCR (Fig. 1A). In males, Sohlh1 RNA is
Fig. 1. RNA and protein localization of Sohlh1. (A) Semi-quantitative RT-PCR on RNA extracted from adult mouse tissues and embryonic male gonads from E12.5
through E17.5. (B–G) Immunohistochemistry with anti-SOHLH1 antibody at various stages of male gonadal development. Sg—Spermatogonia, PSg—
Prespermatogonia. Germ cells reacting with the antibody stained brown. (H) SOHLH1 expression is confined to germ cells, as shown by immunofluorescence with
SOHLH1 fluorescing green and SOX9 fluorescing red. Sc—Sertoli cell. (I–K) SOHLH1 and PLZF stain similar population of spermatogonia in testes. SOHLH1 (red
fluorescence) and PLZF1 (green fluorescence) are shown separately (I, J) and merged (K).
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by immunohistochemistry as early as E15.5 (Fig. 1B). After birth,
SOHLH1 protein localizes to Type A spermatogonia in 7-day-old
testis and 7-week-old (adult) testis, with no evidence of expression
in spermatocytes (Figs. 1D–G). Interestingly, SOHLH1 protein is
not detected at the time of birth (Fig. 1C), similar to expression of
another spermatogonia-expressed transcription factor PLZF
(Costoya et al., 2004). Immunofluorescence with antibodies
directed against Sertoli cell marker SOX9, and SOHLH1, shows
that SOHLH1 expression does not overlap with SOX9 expression
(Fig. 1H). In addition, SOHLH1 expression overlaps expression
of spermatogonial expressed transcription factor PLZF in the 8-
day-old testis (Figs. 1I–K). Therefore, histology and immunoflu-
orescence indicate that SOHLH1 is exclusively expressed in
spermatogonia.
Diploid Type A spermatogonia differentiate into haploid
spermatozoa. In the adult animal, spermatogonia exist by mor-
phological criteria as A-single (As), A-paired (Ap), A-aligned
(Aal), A1-4, and B spermatogonia. A-single spermatogonia can
self-renew and initiate spermatogonial differentiation by giving
rise to Ap and Aal spermatogonia which in turn differentiate intoA1–4 and Type B spermatogonia. We studied the distribution of
SOHLH1 protein in the mouse seminiferous epithelium of adult
testes by immunohistochemistry (Supplementary Fig. 2).
SOHLH1 is initially detected in Stage IV Aal spermatogonia
and strongly expressed in Aal, A1, A2, A3, A4, Intermediate and
Type B spermatogonia. Therefore, SOHLH1 expression is most
significant in differentiating spermatogonia.
Sohlh1 deficiency disrupts spermatogenesis
We mutated the Sohlh1 gene by deleting 500 nucleotides
upstream of the putative transcriptional initiation site and the
first three exons that encode the bHLH domain (Supplementary
Fig. 1). Males homozygous for Sohlh1 mutation (Sohlh1−/−)
were anatomically grossly normal but infertile, and heterozy-
gote mice (Sohlh1+/−) were grossly normal and fertile. The
number of wild type, homozygous and heterozygous male mice
showed normal Mendelian distribution. Testes in 7-day-old
Sohlh1−/− mice were grossly normal and weighed 5.0 ± 0.3 mg
which did not significantly differ from the wild type
(5.0 ± 0.9 mg) and heterozygous (4.8 ± 0.5 mg) testes. At 3
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approximately one half of the wild type (29 ± 6 mg) and
Sohlh1+/− testes (26 ± 6 mg). Adult Sohlh1−/− testes weighed
20 ± 3 mg and were 3.5-fold lighter than wild type (77 ± 12 mg)
and Sohlh1+/− (74 ± 13 mg) testes. Histology at 7 weeks showed
hypocellular seminiferous tubules with clumps of Sertoli cells
in the lumen. No spermatids or spermatozoa are present in the
tubules of mice that lack Sohlh1 at 7 weeks of age.
We studied testis histology in Sohlh1−/− and wild type mice
during the postnatal development with antibodies directed
against GCNA1 and PLZF. GCNA1 is a germ cell nuclear
antigen expressed in spermatogonia and spermatocytes (Enders
and May, 1994), while PLZF is a transcription factor expressed
within testes exclusively in spermatogonia (Buaas et al., 2004;
Costoya et al., 2004). In the newborn (day 0) and postnatal day
7 testes, both antibodies against GCNA1 and PLZF stain
prespermatogonia and spermatogonia (Figs. 2A, B, E, F, I, J, M,
N). No gross histologic differences are evident between the
Sohlh1−/− and wild type testes at day 0 and day 7. Although
Sohlh1 is expressed as early as E15.5 in embryonic testes, a lack
of discernable histologic differences between wild type and
Sohlh1−/− animals at the time of birth argues that SOHLH1
protein is not essential for germ cell migration and initial
prespermatogonia proliferation into Type A spermatogonia.
Identical testes weights at 7 day and similar histology between
Sohlh1−/− and wild type testes argues that prespermatogonia in
Sohlh1−/− proliferate into Type A spermatogonia without major
disruption. Ten-day-old wild type mice spermatogonia begin to
differentiate into spermatocytes, with 50% of wild type tubules
containing preleptotene/leptotene and zygotene/early pachytene
spermatocytes. However, more than 90% of Sohlh1−/− ten-day-Fig. 2. Sohlh1 deficient testes lack mature germ cells. (A–H) GCNA1 detection in wi
postpartum. GCNA1 labels spermatogonia (Sg) and spermatocytes (Sp) as indicate
animals (H) are labeled with asterisk (*) and represent shed Sertoli cells. (I–P) PLZF
resides in Type A spermatogonia and is detectable in adult animals (P).old testes tubules did not contain spermatocytes, and of the
tubules that did, very few spermatocytes were present in the
tubules (data not shown). At 2 weeks of age (Figs. 2C, G, K, O),
vast majority of wild type tubules contain spermatocytes as
shown by GCNA1 staining, while 65% of the Sohlh1−/− tubules
contained no spermatocytes. At 7 weeks of age (Figs. 2D, H, L,
P), while vast majority of wild type tubules contained
spermatocytes and spermatozoa, Sohlh1−/− tubules were devoid
of spermatocytes and antibodies against GCNA1 and PLZF
detected mostly spermatogonia in the tubules.
Histology and immunohistochemistry indicate that, at 10
days postpartum, production of spermatocytes is severely
affected in Sohlh1−/− animals, with increased detection of
spermatocytes at 3 week of age and very few spermatocytes at 7
weeks of age. Dying spermatocytes were noted throughout
postnatal gonadal development. We detected and quantified
apoptosis in wild type and Sohlh1−/− animals (Fig. 3A) by
terminal deoxynucleotidyl transferase mediated dUTP nick end
labeling (Yan et al., 2000). The difference in apoptosis is highest
at day 15 after birth and is in part due to the larger number of
dying spermatocytes present at this stage. The decline in
apoptotic index with age is due to the decreased number of
spermatocytes observed in the tubules of older testes.
We also studied BrdU incorporation in Sohlh1−/− mice.
BrdU incorporates into S-phase spermatogonia and prelepto-
tene spermatocytes in testes. Adult 7-week Sohlh1−/− testes
exposed to BrdU for 1.5 h incorporate BrdU into spermato-
gonia (Figs. 3B, C). In addition, spermatogonia from Sohlh1−/−
adult testes displayed mitotic figures. Sohlh1−/− calculated
mitotic index of 0.22 is very close to the calculated mitotic
index of 0.18 for jsd mice (Shetty et al., 2001). Spermatogoniald type (WT) and knockout (−/−) seminiferous tubules at various indicated days
d with arrows. Cellular clumps in the tubules of knockout adult (49-day-old)
detection in wild type and knockout animals at various days postpartum. PLZF
Fig. 3. Apoptosis and BrdU uptake in wild type and Sohlh1−/− animals. (A)
Apoptotic index was calculated for wild type and knockout animals at postnatal
day 10 (P10), P15, P21, and P49. Three pairs of testes from different litters were
used to calculate the apoptotic index. P was less than 0.05 at every time point
except P10. (B, C) BrdU incorporation into wild type (B) and Sohlh1−/− (C)
testes. Notice incorporation in both spermatogonia (Sg) and spermatocytes (Sp)
of wild type animals (B) and incorporation into Sg of Sohlh1−/− animals (C). (D,
E) Spermatogonia are still present in 8-month-old Sohlh1−/− testes. Antibodies
against GCNA1 (D) and PLZF (E) identify spermatogonial population in 8-
month-old Sohlh1−/− testes.
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anti-GCNA1 and anti-PLZF antibodies (Figs. 3D, E). These
data indicate that spermatogonia stem cells continue to
proliferate in the adult testes but are unable to differentiate
into spermatocytes in adult testes.
Sohlh1−/− testis phenotype is very similar to the phenotype in
mice that lack RNA-binding protein DAZL (Ruggiu et al.,
1997) and UTP14B ribonucleoprotein (jsd mice) (Beamer et al.,
1988; Rohozinski and Bishop, 2004). Both Dazl and Utp14b
knockout male mice are infertile with a block thought to occur
in Aal to A1 spermatogonial differentiation. The initial presence
of few spermatocytes in minority of the tubules of prepubertal
Sohlh1−/− animals argues that initial block in Sohlh1−/−
spermatogonia differentiation is “leaky”, but this block becomes
complete in sexually mature 7-week-old animals. Unlike mice
without functional Taf4b (Falender et al., 2005) and Plzf
(Costoya et al., 2004; Buaas et al., 2004), which are initially
fertile but lose fertility over time due to defects in self-renewal
of the spermatogonial stem cell population, Sohlh1−/− mice are
infertile due to defective spermatogonial differentiation. The
exact block in spermatogonial differentiation is difficult to
ascertain due to lack of markers that distinguish subpopulations
of Type A spermatogonia.Gene expression in Sohlh1−/− mice
Sohlh1 encodes a testis-specific bHLH domain and is
expressed in Type A spermatogonia. We hypothesized that
lack of Sohlh1 will disrupt expression of genes preferentially
expressed in testes. We compared gene expression in Sohlh1−/−
and wild type mice with Affymetrix 430 2.0 microarray chip.
These microarray chips cover most of the known and unknown
transcriptome in the mouse. We chose to extract RNA from 7-
day wild type and Sohlh1−/−mice due to similar histology at this
stage in hope to identify molecular pathology that precedes
histologic pathology and performed two independent micro-
array experiments with two different pools of testes. We focused
on the expression of genes known and implicated in
spermatogenesis. Genes implicated in meiosis and apoptosis,
such as Mlh1, Bcl2, Bcl2l2, and Bax, do not significantly differ
between Sohlh1−/− and wild type mice (Figs. 4A, B). Sohlh1−/−
phenotype resembles phenotypes in Dazl and Utp14b mutant
mice, but these two transcripts are expressed in both Sohlh1−/−
and wild type animals. Dazl and Utp14b are therefore unlikely
to be downstream of Sohlh1.
We did not expect misexpression of genes involved in the
formation of prespermatogonia and spermatogonial self-
renewal. As expected, Zfp148, critical in the formation of
prespermatogonia from primordial germ cells, was unaffected
in Sohlh1−/− testes. Plzf, Taf4b, and Etv5 are critical in self-
renewal and proliferation of spermatogonia, and their
expression is also not affected by the lack of Sohlh1. This
likely indicates that Sohlh1 is downstream of genes involved
in prespermatogonia formation and spermatogonia stem cell
renewal. Genes significantly down-regulated in Sohlh1−/−
testes included Lhx8, Kit, Ngn3, and Crabp1 with adjusted P
values less than 0.01. Lhx8 belongs to a LIM homeodomain
family of genes, with previously no known function in
reproduction (Zhao et al., 1999, 2003). Lhx8 is preferentially
expressed in germ cells postnatally (Su et al., 2002) and may
play an important function in spermatogenesis. Ngn3 is
expressed in Type A spermatogonia and implicated in
spermatogonia differentiation, although functional data in
testes are lacking (Yoshida et al., 2004). Ngn3 appears to lie
downstream of Sohlh1. In addition to Ngn3, and Lhx8, down-
regulation of Kit may adversely affect germ cell development.
Kit receptor and its ligand secreted by Sertoli cells, Kitl, play
critical role in the survival of Type A spermatogonia and
spermatocytes (Packer et al., 1995). Kitl RNA expression
does not differ significantly between Sohlh1−/− and wild type
mice, which argues that surrounding Sertoli cells are
unaffected. Few genes are overexpressed in Sohlh1−/− testes
as compared to wild type, and these include genes pre-
ferentially expressed in testes, Sox30 (Osaki et al., 1999),
Sycp2 (Kouznetsova et al., 2005), and Nohma (Pangas et al.,
2004) with adjusted P values less than 0.01. Sox30 belongs to
a family of Sox transcription factors, but its functional role in
testes is unknown. Sycp2 and Nohma are germ-cell-specific
and likely to play critical functions in meiosis. Misexpression
of Lhx8, Ngn3, Kit, Sox30, Sycp2, and Nohma shows that
molecular pathology precedes histologic pathology, and
Fig. 4. Gene expression analysis. (A). Semi-quantitative RT-PCR on RNA extracted from wild type (WT) and Sohlh1−/− 7-day-old postnatal testes. (B) Oligonucleotide
microarray derived RNA expression fold change between wild type and Sohlh1−/− testes. Positive values indicate overexpression in Sohlh1−/−, while negative values
indicate underexpression in Sohlh1−/− testes as compared to wild type. Adjusted P values for Sox30, Crabp1, Ngn3, Kit, Lhx8, Sycp2, Nohma, and Sohlh2 are P < 0.01,
while no statistically significant differences between the Sohlh1−/− and wild type mice were noted forMlh1, Bax, Bcl2l2, Kitl, Utp14b, Sycp1, Dazl, Zfp148, Plzf, Erm,
and Bcl2. (C) Multi-tissue expression analysis of Sohlh2 shows preferential expression in the 7-day-old wild type testes and Sohlh1−/− knockout 7-day-old testes. (D)
Antibodies generated against SOHLH2 detect SOHLH2 protein exclusively in spermatogonia (Sg) of adult testes (indicated by arrows), and SOHLH2 is present in 8-
month-old Sohlh1−/− testes (E).
166 D. Ballow et al. / Developmental Biology 294 (2006) 161–167further studies will be necessary to determine direct and
indirect effects that Sohlh1 exerts in Type A spermatogonia.
Sohlh2 is preferentially expressed in spermatogonia
“Leaky” phenotype in Sohlh1−/− mice during gonadal
development may be due to compensation by overexpression
of other transcription factors that share homology to Sohlh1. We
therefore searched for genes that share partial homology with
SOHLH1 bHLH domain. BLAST search identified a previously
uncharacterized bHLH gene we named Sohlh2 (GenBank
accession number: DQ086115). SOHLH2 and SOHLH1
proteins share 50% identity in the bHLH domain, and
SOHLH2 transcripts are preferentially detected in testes (Fig.
4C). We also generated antibodies against SOHLH2 and
identified SOHLH2 protein exclusively in spermatogonia of
wild type (Fig. 4D) and Sohlh1−/− testes (Fig. 4E). Interestingly,
Sohlh2 RNA is expressed two-fold higher in Sohlh1−/− testes as
compared to wild type testes (Fig. 4B). We hypothesize that the
leaky phenotype in Sohlh1−/− mice is partly due to the
compensatory effects of SOHLH2 in Sohlh1−/− testes. The
compensatory mechanisms are transient since adult Sohlh1−/−
testes are devoid of spermatocytes. Functional characterization
of the Sohlh2 role in testes will be necessary to further
determine whether it plays critical functions.
The studies on Sohlh1 have led to a discovery of another
important germ-cell-specific transcription factor critical inspermatogenesis. Sohlh1 pathway appears not to involve
previously characterized genes in spermatogonia differentia-
tion, Dazl and Utp14b. We did discover a number of
misexpressed genes that may account for the phenotype
observed in Sohlh1. Moreover, further functional investigations
into the role of Lhx8, Ngn3 Sox30, Sycp2,Nohma, and Sohlh2 in
male reproduction will likely uncover novel pathways critical in
spermatogonial differentiation and spermatogenesis.
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